Abstract: An experimental and numerical investigation was conducted to study the skin-stiffener 9 separation of single T-shape stiffener specimens in post-buckling condition. Three specimens were 10 manufactured with a centrally located Teflon insert, and were loaded in compression until collapse. 11
Introduction

22
Composite materials progressively substitute traditional materials in many fields due to their superior 23 mechanical properties, significant weight saving and the ease with which they can be tailored 24 The mechanical properties of the unidirectional prepreg material IM7-8552 are reported in Table 1  113 and the interlaminar properties are reported in Table 2 (Camanho et al. 2007 ). These properties include 114 fracture toughnesses in mode I and II, and the B-K mode-mixity parameter. 115
All the tested specimens were casted with aluminium potting to their end pieces. The tabs allowed 116 a uniform distribution of the load during the tests. Casting height of the tabs was 30 mm long at each 117 side, so the actual length was limited to the central part and equal to 240 mm. The three specimens are 118 denoted as SP1, SP2 and SP3, respectively. 119
Testing Set-up and Procedure
120
The experiments were performed with a hydraulic MTS test rig. In order to observe the structural 121 behaviour using DIC system, the specimens were speckled on the skin external surface where there is 122 no stiffener. 123
The specimens were quasi-statically loaded in displacement-control at a constant velocity equal to 124 0.2 mm/min. During the tests, the displacement and strain fields were measured and monitored by 125 three-dimensional DIC VIC-3D system (VIC-3D. 2010). Two digital video cameras (Q400 system 126 with 15 mm lens) were used and light source was required to enhance observation. The data from the 127 DIC were captured at a frequency of 1 Hz. 128
During the loading, it was decided to stop the tests at different load levels. When the damage was 129 suspected, careful observations were made and the compression was released to zero and the specimen 130 was removed for an ultrasonic C-scan. Then, a new axial displacement was applied to the specimen 131 until the next possible skin-stiffener separation was detected and the specimen was removed once 132 again to check if there was any damage initiation or damage propagation. The same steps werecollapse. 135
During these steps, axial displacement, load, strains and out-of-plane displacements were recorded. 136
The strain maps on deformed surfaces from DIC system were tracked to monitor the correspondence 137 of the damage locations. The maximal strains provided local information on damage. 138
The ultrasonic C-scan is a non-destructive technique equipment to examine defects and allows to 139 determine the damaged zones with a two-dimensional representation. The specimen and the transducer 140 are sprayed with water which acts as the coupling medium. The signal is transmitted to the specimen 141 by a transducer to which the initial signal is partially reflected back at defect sites. The frequency of 142 the current C-scan ranges from 0.5 MHz to 20 MHz and its maximal scanning speed is 400 mm/s. It is 143 noted that the ultrasound probe was scanning on the external surface of the skin where there was no 144 stiffener. As a consequence, the C-scan image obtained had to be rotated 180° clockwise to match with 145 the back view of the skin internal surface where there was the stiffener, so to observe the skin-stiffener 146 separation. 147
Experimental Results
148
Specimen SP1 was the first specimen to be tested. The initial buckling mode showed antisymmetric 149 half-waves with respect to the stiffener along the longitudinal direction. As the load increased, the 150 deflection of the skin became more visible. Fig. 3a presents the deflection of the skin at 27.9 kN in the 151 post-buckling field. Fig. 3b illustrates the contoured displacement fields from DIC system at the same 152 load. The out-of-plane deformation at one side of the skin was equal to 10.2 mm and equal to 8.7 mm 153 on the other side of the skin with a difference of 14.7%. The stiffener web bended towards the 154 direction where the out-of-plane displacements were most negative. 155
The C-scan was performed immediately after 27.9 kN and no opening was observed in the pre-156 damaged area. At approximately 35.1 kN, the out-of-plane displacement increased to maximal value 157 of 11.8 mm as presented in Fig. 4a . The strain in the stiffener flange close to Teflon insert area reached 158 5150 µƐ (as shown in Fig. 4b ), where the skin-stiffener separation initiated. It is therefore indicated 159 then released to zero and C-scan was carried out, as shown in Fig. 4c . 161
After C-scan, specimen SP1 was reloaded. The collapse occurred suddenly at approximately 34.9 162 kN. Two major failure mechanisms were observed: skin-stiffener separation and stiffener fracture. 163
There was a transverse fracture on the web and flange of the stiffener. Free edge delamination was 164 also observed in the stiffener web. 165
In order to compare the similarity and difference of structural responses for three specimens, it has 166 been decided to stop the tests and perform ultrasonic scans on the remaining specimens SP2 and SP3 167 at the same load levels, 27.9 kN and 35.1 kN. 168
Specimen SP2 was tested with two additional LVDTs to check the parallelism of the loading 169 platform and to ensure that the two ends of the specimen remain parallel during the test. The data from 170
LVDTs did provide identical results to the measurements from the test rig. 171
The initial buckling mode of the skin was characterized by a half-sine wave. The out-of-plane 172 deflection of the skin expanded as the applied load increased. Fig. 5a shows the post-buckling 173 deformation at approximately 27.9 kN. A DIC image is illustrated in Fig. 5b . Similar to specimen SP1, 174 the stiffener web bended towards the direction of the skin side with larger out-of-plane deformation. 175
However, a small difference of 5.6% between specimens SP1 and SP2 was found in the most negative 176 deformation magnitudes (10.2 mm for specimen SP1 and 9.6 mm for specimen SP2), and it was 177 probably due to the initial imperfections. 178
After the stiffener web deformed into a larger extent, the skin-stiffener separation initiated at load 179 level of 35.12 kN. The delamination surface lied near the center of stiffener flange where the smaller 180 out-of-plane displacement was obtained ( Fig. 6a and Fig. 6b ). The skin and the stiffener separated over 181 a larger area at approximately 37.58 kN ( Fig. 6c and Fig. 6d ) on the same side of the skin where the 182 out-of-plane displacement reached 11.6 mm. 183
After the ultrasonic scan, specimen SP2 was reloaded until final collapse that happened at a load 184
level of approximately 36.96 kN. The failure mode of specimen SP2 was similar to specimen SP1 in 185 terms of dominant skin-stiffener separation. 186 of specimen SP3 were similar to the previous two tested specimens. The delamination onset of 188 specimen SP3 was monitored at the load level of 35.09 kN and skin-stiffener separation initiated at the 189 interface opposite to bending direction of stiffener web. Further delamination propagation was 190 measured at the load levels of 37.21 kN and 37.08 kN, as shown in Fig. 7 . 191 modes were identical to those ones of specimen SP1 except for the fact that it was observed fiber 196 damage on the skin surface. 197
Comparison of Test Results
198
The load versus shortening curves measured on the three specimens during the compression tests are 199 reported in Fig. 8a . They exhibited the same stiffness in the pre-buckling phase and diverged slightly 200 above the load level of 10 kN. Due to the gradual increase of the out-of-plane displacement, it was 201 difficult to identify a unique point of buckling. 202
During the test, the available ultrasonic C-scan can only be carried out by removing the specimen 203 from test machine. Therefore several loading-unloading-reloading procedures had been employed. To 204 understand the change in stiffness stemming from repeated loading, load versus end shortening curves 205 of the loading portions from four loading runs on specimen SP2 are illustrated in Fig. 8b . After run 1, 206 C-scan result indicated that there was no delamination between the skin and the stiffener. It is 207 observed that the load-shortening curve from run 2 overlapped with run 1 upon 25 kN. After the 208 second testing run, delamination initiation was found at the central area of the stiffener flange. Despite 209 the delamination initiated above 35.12 kN, the specimen SP2 did not show a reduction of stiffness 210 even in post-buckling filed. This phenomena indicated that the composite stiffened structure has strong 211 post-buckling strength reserve capability. After the subsequent reloading, the delamination propagated 212 in the interface and the load-shortening curve overlapped with run 2. The final testing runFor all three specimens, the delamination initiated on the opposite side where the stiffener web 218 bended towards. The delamination onset of specimen SP3 was visible as a load drop at the load 219 slightly higher than 35 kN. During the delamination propagation process, the stiffness of the structure 220 was reduced accordingly. The delamination propagation of specimen SP3 at load 37.21 kN reached 221 maximal strain 5273 µƐ (Fig. 9) , which was only 2.3% higher than delamination initiation strain of 222 5150 µƐ of specimen SP1 at 35.1 kN. 223 Fig. 10 shows the out-of-plane deformations of the three specimens immediately before the 224 collapse. It can be seen that the average maximum out-of-plane displacement was approximately 12 225 mm at load 36 kN for specimens SP2 and SP3, and slightly lower for specimen SP1. The maximal 226 loads measured on three specimens during compressive testing are reported in Table 3 . 227
The collapse modes of all three tested specimens were nearly identical. The main failure 228 mechanism was characterized by skin-stiffener separation and stiffener fracture. The fracture of the 229
stiffener was approximately at the mid-length of the specimen and run across the stiffener flanges. 230
Small differences in fiber damage on the skin were observed among the specimens. For specimen 231 SP2, fiber damages were visible in the stiffener flange as shown in Fig. 11a . In the specimen SP3 232 shown in Fig. 11b , fiber breakage damage was found in the skin on the side where the delamination 233 
10
The stiffened specimen is modelled with four-node shell elements S4R having six degrees of 240 freedom at each node and three integration points through thickness for each layer. Pre-test analysis is 241 performed by using element size of 0.5 mm, 1.0 mm, 2.5 mm and 5 mm, the results are very similar to 242 each other in terms of buckling load and delamination initiation behavior. The element size for VCCT 243 analysis is usually considerably coarser than the element size used in analysis based on cohesive 244 elements. In the VCCT analysis of the authors (Dávila and Bisagni 2017), it was stated that a typical 245 element size of 2.2 mm was used. In the current analysis, the finite element mesh size of 1.0 mm is 246 chosen to simulate the behaviour of the specimens without much influence on the accuracy and with 247 economic computational time. The model presents 70200 elements and 58322 nodes. Surface-to-248 surface contact pairs are defined to allow the debond capability between the skin and stiffener flanges. 249
Additional sensitivity analysis is carried out on imperfection amplitudes, and almost no noticeable 250 discrepancy on the calculations is discovered in the range of less than the quarter thickness of the skin. 251
For the FE models with larger imperfection amplitudes than the quarter thickness of the skin, they 252
show a slightly smaller buckling load and reduced stiffness. An initial geometric imperfection equal to 253 the first eigenmode (similar to the tested buckling shape deformation with one single half wave) and a 254 maximum amplitude of 5% of skin thickness is introduced in the model. The finite element model is 255 illustrated in Fig. 12 . 256
It is also worthy to mention that five rows of elements on both tips of the stiffener flange along the 257 longitudinal direction are modelled with gradually decreased thickness to reproduce the tested 258 specimens. Indeed, the most external ply of the stiffener was the first one to be stacked on the L-shape 259 aluminium mould during manufacturing. Due to the radius in the core area connecting stiffener web 260 and stiffener flange, the subsequent ply presented a gradually reduced width in the stiffener flange. 261
However, during the co-curing process, mechanical pressure caused by vacuum bagging pushed the 262 external layers to the base skin so that the varied thickness at the stiffener flange tip was created. 263
Taking into account the skin-stiffener separation as one of the main failure mechanisms, the VCCT 264 is used to predict the delamination propagation process associated with RAMP option. The VCCT 265 approach is based on the assumption that the crack extends by a small amount without significantly 266 changing the state at the crack tip, that is, the crack grows in a self-similar manner. In the currentcompressive loading scenario, it is possible that three different delamination modes (mode I, mode II 268 and III) are interacted. The original B-K (Benzeggagh-Kenane) mixed-mode failure criterion 269 (Benzeggagh et al. 1996) , which are established for mixed-modes I and II, has been extended by 270 taking into account mode III. However, there is no reliable mixed-mode I-III and II-III test results due 271 to the lack of standard nixed-mode method available incorporating mode III loading. For these reasons, 272
Li (Li 2002) proposed that the interlaminar fracture toughness values of G IIc is equal to G IIIc . 273
Following those work, Camanho et al. (Camanho et al. 2003; Camanho et al. 2007 ) propose a three-274 dimensional failure criterion that defines the crack propagation , that is: 275
Crack propagation is assumed to occur when it meets the above requirement. The curve fitting 277 parameter ɳ equal to 1.6 is obtained from the mixed-mode test results (Camanho et al. 2003) under 278 different mode ratios. 279
The Teflon insert simulates a manufacturing defect and acts as the initial crack front in the 280 modelling. The Teflon tape has a nominal thickness of 0.0254 mm. Compared to the ply thickness, it 281 is almost negligible and thus an artificial opening in the Teflon insert area between the skin and 282 stiffener flange is introduced. 283
Boundary conditions are considered in order to represent the actual loading conditions during the 284 compressive tests, applying out-of-plane constraints to the corresponding potting areas. The analysis is 285 carried out by imposing a compression displacement to the loading ending of the shell. 286
Finite Element Results
287
Implicit dynamic analysis is performed to calculate the quasi-static response of the tested specimens. 288 Fig. 13a illustrates the load-shortening curves. In the initial loading phase, the model exhibits a linear 289 pre-buckling response. As the load increases, the skin starts to buckle at the eigenvalue buckling load 290 of 5.42 kN in a single half wave on both skin sides. The decreasing stiffness indicates instability of the 291 skin in the initial post-buckling range. The load redistributes with the increasing loads so that the skin 292 deflects with a larger magnitude and the stiffener carries an increasing portion of structural load. The 293 post-buckling deformations obtained by finite element analysis are reported in Fig. 13b . At an applied12 load level of approximately 11.6 kN (point A), no buckling deformations are observed at the 295 beginning on the stiffener. The out-of-plane deformations of the skin are characterized by a single 296 wave deformation in both skin sides at post-buckling stage. 297
Point B shows the observed buckling of the stiffener web at load 14.9 kN. The stiffener web 298 buckled towards the skin side with the most positive out-of-plane deformation magnitude. With the 299 increasing applied load, the magnitude of the deflections increases. At a load level of 33 kN as shown 300 in point C, the buckling wave expands to a larger area and the deflection magnitude is around 12 mm. 301
The buckling direction of the stiffener web lead to the internal stress redistribution that promotes the 302 debonding of skin-stiffener in the central Teflon insert area. Point D indicates the delamination 303
propagation. The analysis stops at load equal to 38.2 kN due to convergence difficulties. 304
The finite element model debonding propagation is shown in Fig. 14. A general view is reported in 305 Fig. 14a . The initial separation between skin and stiffener is shown in Fig. 14b , starting from the 306 positive y-axis direction. Fig. 14c and Fig. 14d illustrate the debonding process that develops in a 307 diagonal direction. As the load increases, the delamination propagates to the negative y-axis direction 308 as well. The analysis results further enhance the assumption that VCCT method predicts the crack 309 propagation in a self-similar way as inspected from Fig. 14b to Fig. 14c . 310
Comparison between Experimental and Numerical Results
311
The load-shortening curves from numerical analysis and experimental measurement of specimen SP2 312 are given in Fig. 15 . The finite element analysis exhibit a slightly higher stiffness than the tested ones. 313
With the increment of loads, the shortening from tests were observed to be larger than the one from FE 314 analysis results. Indeed, boundary conditions can play a role in affecting the structural behaviour. The 315 material nonlinearity, due to the damage propagation, and structural nonlinearity, due to buckling, 316 which are not considered in FE analysis, can also influence the results. The load level at skin-stiffener 317 separation initiation is slightly overestimated by numerical analysis (36.4 kN) with 3.6% difference 318 compared to measurements from the average experimental result (35.1 kN) . The skin-stiffener 319 separation initiates at the location close to stiffener web for both numerical and experimental results. 320 the other side of the interface at a higher load. 323
During the VCCT analysis, RAMP option facilitates the gradual released tension in such a way that 324 the debonding force is brought to zero no later than the moment when the next node along the crack 325
path starts to open. It is possible to model smooth crack propagation and thus improves the 326 convergence of the equilibrium solution. This option is able to correctly identify the delamination 327 onset and better represent the experimental results, however, the solver has difficulties in finding a 328 solution after the fracture toughness is reached, especially for in-plane loading condition. In the 329 current analysis, due to the convergence difficulties during the analysis, the calculation stops at the 330 load level of 38.2 kN after the skin detaches from the stiffener flange in four rows of element. 331
The post-buckling deformation shapes before the collapse are compared in Fig. 16 . Fig. 16a  332 represents the front view of the post-buckling configurations while Fig. 16b shows the side view. It is 333 noted that the calculated post-buckling deformation mode gives a good matching with the 334 experimental observations. 335
Conclusions
336
Single stiffener composite specimens under compression were investigated. Three specimens were 337 manufactured with co-cured T-shape stiffener. A Teflon insert was introduced to simulate the 338 manufacturing defect at the specimen mid-length across the interface between stiffener flange and the 339 skin. A finite element model was developed in Abaqus using VCCT. 340
The experiments show that skin-stiffener separation and stiffener crippling were the two dominant 341 failure mechanisms. The analysis methodology was able to accurately capture the structural response 342 and the skin-stiffener separation, and provided realistic predictions of the loads and locations of the 343 delamination initiation. The initial delamination load level was 3.6% overestimated by the numerical 344 results. The experimental average collapse load of three specimens was 36.0 kN while the predicted 345 maximal load was 38.2 kN. 346
The close correlation between the test results and the finite element analysis contributes to a better 347 composite specimens can be used to investigate the deformation response and the critical damage 350 mechanisms of a multiple stiffener panel. Besides, it allows further exploitation in strength reserve and 351 more efficient preliminary design guidance of post-buckled composite aerospace structures. 
